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GRAPHICAL  ABSTRACT 


►  Cr— C/a-C:Cr  film  is  deposited  on 
SS316L  sheet  as  bipolar  plates  using 
CFUBMSIP. 

►  Contact  resistance  is  2.89  mQ  cm-2 
at  1.5  MPa  and  contact  angle  reaches 
89.1°. 

►  The  passivation  current  density  is 
0.276  pA  cm-2  at  0.6  V  in  cathodic 
environment. 

►  Single  cell  with  coated  bipolar  plate 
achieves  peak  power  density  of 
1278.2  mW  cnrT2. 
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Multilayered  chromium-carbon/amorphous  carbon: chromium  (Cr-C/a-C:Cr)  is  deposited  on  316L 
stainless  steel  (SS316L)  sheet  as  bipolar  plates  for  proton  exchange  membrane  fuel  cells  (PEMFCs)  using 
closed  field  unbalanced  magnetron  sputter  ion  plating  (CFUBMSIP).  Raman  spectra  and  X-ray  diffrac- 
tometry  (XRD)  indicate  that  the  Cr— C/a-C:Cr  film  is  composed  of  amorphous  carbon,  metallic  Cr  phase, 
chromium  carbide  phases.  The  stactic  water  contact  angle  of  the  film  reaches  89.1°.  Interfacial  contact 
resistance  (ICR)  between  the  coated  SS316L  sheets  and  carbon  paper  is  only  2.89  mQ  cm2  at  1.5  MPa. 
Potentiodynamic  tests  in  the  simulated  corrosive  circumstance  of  PEMFCs  reveals  that  the  corrosion 
potential  of  coated  samples  is  0.236V  vs  SCE  and  the  passivation  current  density  is  0.276  pA  cm-2  at  0.6  V 
in  simulated  cathodic  environment.  A  single  cell  with  Cr-C/a-C:Cr  coated  SS316L  bipolar  plates  is 
assembled  and  tested  to  evaluate  the  in-situ  performance  of  the  film.  The  peak  power  density  of  the 
single  cell  is  1278.2  mW  cm-2  at  a  current  density  of  2674.1  mA  cm-2.  Compared  to  a-C  coating 
developed  in  our  previous  work,  the  performance  of  Cr— C/a-C:Cr  coating  is  improved  in  various  aspects 
and  Cr-C/a-C:Cr  coated  SS316L  bipolar  plates  are  more  practically  applied  for  commercialization  of 
PEMFCs  technology. 
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1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  attract  more 
and  more  attention  in  recent  years  as  a  promising  alternative  clean 
power  source  for  automotive  and  portable  applications  by  virtue  of 
its  high-energy  efficiency,  pollution-free  characteristics,  relatively 
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quick  start-up,  rapid  response  to  varying  loads,  and  low  operating 
temperatures  [1,2].  For  a  typical  PEMFCs  stack,  the  bipolar  plate  is 
a  key  component  which  accounts  for  approximately  80%  of  the 
stack  volume,  70%  of  the  stack  weight  and  as  much  as  60%  of  the 
stack  cost  [3].  It  serves  for  current  conduction,  heat  dissipation,  gas 
flow  distribution  and  residual  water  removal,  thereby  directly 
influencing  the  fuel  cell  performance  [4].  Stainless  steel  (SS)  is 
a  promising  candidate  material  of  bipolar  plate  because  it  permits 
plates  as  thin  as  possible  and  reduces  stack  volume  and  weight  at 
a  reasonable  cost  [5].  Nevertheless,  it  is  widely  recognized  that 
even  SS  with  passive  oxide  film  on  surface  still  suffers  from 
corrosion  in  the  harsh  acidic  and  humid  PEMFCs  operation  envi¬ 
ronment.  Besides,  the  surface  film  significantly  affects  the  contact 
resistance  between  the  bipolar  plate  and  the  gas  diffusion  layer 
(GDL),  and  thus  leads  to  power  degradation  [6].  So  far,  almost  all  SS 
substrates  without  any  pretreatment  could  not  achieve  high  elec¬ 
trical  conductivity  and  high  corrosion  resistance  simultaneously 
[7]. 

Depositing  conductive  and  anticorrosive  carbon  film  on  SS 
substrate  is  a  feasible  and  promising  way  to  improve  its  interfacial 
contact  resistance  (ICR)  and  corrosion  resistance  using  different 
methods.  Antunes  et  al.  [8]  and  de  Oliveira  et  al.  [9]  reviewed  major 
research  topics  and  results  in  the  corrosion  protection  and  char¬ 
acterization  of  metal  bipolar  plates  for  PEMFCs.  Different  coating 
methods  and  substrate  materials  were  addressed  giving  a  compre¬ 
hensive  overview  on  carbon  coated  metal  bipolar  plates.  Fukutsuka 
et  al.  [10]  prepared  a  carbon  coating  on  SUS304  using  plasma- 
assisted  chemical  vapor  deposition  (CVD)  method.  The  corrosion 
resistance  of  the  bipolar  plates  was  improved  in  simulated  PEMFCs 
environments,  and  the  ICR  was  also  greatly  reduced.  Chung  et  al. 
[11  ]  also  evaluated  the  corrosion  performance  of  carbon  coated  304 
stainless  steel  (SS304)  bipolar  plate.  The  carbon  layer  was  produced 
via  a  thermal  CVD  method  using  a  C2H2/H2  mixed  gas  as  carbon 
source.  Depending  on  the  acetylene  to  hydrogen  ratio,  the  coating 
morphology  varied  from  a  filamentous  porous  layer  to  a  continuous 
carbon  coating.  For  the  latter  morphology  the  corrosion  resistance 
was  high  enough  to  reach  the  performance  of  commercial  pure 
graphite  bipolar  plate  (Poco  graphite).  Fu  et  al.  [12]  found  that  a  C— 
Cr  composite  coating  greatly  decreased  the  ICR  and  corrosion  rate 
of  316L  stainless  steel  (SS316L).  They  used  a  pulsed  bias  arc  ion 
plating  (PBAIP)  deposition  method  which  was  chosen  due  to  the 
low  temperature,  dense  layer  with  few  droplets  that  favor  the  final 
corrosion  performance  of  the  base  metal.  Afterwards,  Wu  et  al.  [13] 
also  employed  PBAIP  technology  to  deposit  a  series  of  Cr  containing 
carbon  films  on  SS316L.  X-ray  photoelectron  spectroscopy  (XPS) 
and  X-ray  diffractometry  (XRD)  results  indicated  that  the  films 
were  primarily  composed  of  pure  carbon  atoms  with  amorphous 
structure,  including  sp3  and  sp2  carbon  atoms.  The  SS316L  substrate 
coated  with  Cro.23Co.77  film  exhibited  the  lowest  ICR  and  the  highest 
corrosion  resistance  in  simulated  corrosive  conditions  of  PEMFCs. 
Lee  and  Lim  [14]  developed  a  polymer  composite  of  polyamide- 
imide  filled  with  carbon  black  on  stainless  steel  substrates  using 
painting  technology.  The  effects  of  the  carbon  black  content  on  the 
ICR  and  corrosion  resistance  were  investigated.  The  optimum 
carbon  black  content  was  about  40  wt.%  taking  the  corrosion 
resistance  and  the  contact  resistance  into  account.  Ren  and  Zeng 
[15]  employed  high-energy  micro-arc  alloying  (FIEMAA)  technique 
to  prepare  compact  titanium  carbide  as  coatings  for  the  type  SS304 
bipolar  plates  with  a  metallurgical  bonding  between  the  coating 
and  substrate.  It  was  found  that  TiC  coating  increased  the  corrosion 
potential  of  the  bare  steel  in  1  M  H2SO4  solution  at  room  temper¬ 
ature  by  more  than  200  mV,  and  decreased  its  corrosion  current 
significantly.  Wang  et  al.  [7]  developed  a  new  metallic  bipolar 
plates  with  pure  graphite  coating  on  metal  substrates.  The  top  layer 
was  a  continuous  graphite  sheet  made  by  the  expanded  graphite 


flakes.  The  pure  and  layered  graphite  surface  provides  high  elec¬ 
trical  conduction  and  high  chemical  inertness  in  PEMFCs  environ¬ 
ments.  There  was  a  binder  layer  between  the  graphite  sheet  and  the 
metal  substrate,  which  mainly  consisted  of  ester  resin  and 
conductive  fillers.  Potentiodynamic  and  potentiostatic  tests  con¬ 
ducted  in  simulated  PEMFCs  environments  revealed  the  corrosion 
resistance  of  the  graphite  coated  SS316L  plates  was  greatly 
enhanced  compared  with  the  bare  stainless  steel  substrate.  Mori 
et  al.  [16]  coated  a  conductive  amorphous  carbon  (a-C)  on  the 
SUS316L  separators  by  using  an  electron  cyclotron  resonance  (ECR) 
plasma  sputtering  technique.  The  characterization  of  this  carbon 
film  suggested  that  the  film  was  mainly  composed  of  sp2  and  sp3 
bonding  components.  The  contact  resistivity  between  the  coated 
SUS316L  and  carbon  paper  was  found  to  be  reduced  by  two  orders 
of  magnitude  by  the  carbon  coating.  Show  [17]  prepared  an  a-C  film 
on  titanium  bipolar  plates  at  various  temperatures  by  using  the 
radio  frequency  plasma  enhanced  chemical  vapor  deposition  (RF- 
PECVD)  method.  The  results  revealed  that  the  a-C  film  coated 
titanium  bipolar  plates  had  lower  ICR  and  the  stack  with  the  a-C 
coated  Ti  bipolar  plates  showed  performance  improvement.  Feng 
et  al.  [18]  and  Jin  et  al.  [19]  investigated  the  performance  of  a-C 
coated  SS316L  and  SS304  polished  samples  in  a  PEMFCs  environ¬ 
ment,  respectively.  They  reported  promising  results  of  ICR  and 
corrosion  resistance  under  potentiodynamic  and  potentiostatic 
conditions.  The  dense  and  compact  nature  of  the  deposited  film 
allied  with  the  intrinsic  high  chemical  stability  and  electrical 
conductivity  of  the  carbon  layer  were  responsible  for  the  high 
desirable  performance  of  the  a-C  coating.  In  our  previous  work  [20], 
SS304  bipolar  plates  are  fabricated  by  flexible  forming  process  and 
a-C  film  is  coated  by  closed  field  unbalanced  magnetron  sputter  ion 
plating  (CFUBMSIP).  The  initial  performance  of  the  single  cell  with 
a-C  coated  bipolar  plates  was  923.9  mW  cm-2  at  a  cell  voltage  of 
0.6  V,  and  the  peak  power  density  reached  1150.6  mW  cm-2  at 
a  current  density  of  2573.2  mA  cm-2.  Performance  comparison 
experiments  between  a-C  coated  and  bare  304SS  bipolar  plates 
showed  that  the  single  cell  performance  was  greatly  improved  by 
the  a-C  coating.  Lifetime  test  of  the  single  cell  over  200  h  and 
contamination  analysis  of  the  tested  membrane  electrode  assembly 
(MEA)  indicated  that  the  a-C  coating  had  excellent  chemical 
stability. 

As  the  continuation  of  the  previous  work,  the  present  study 
deposits  a  multilayered  chromium-carbon/amorphous  carbon: 
chromium  (Cr— C/a-C:Cr)  on  0.1  mm  thick  SS316L  sheet  using 
CFUBMSIP  to  improve  the  performance  and  efficiency.  The  film 
characterizations  are  preliminarily  evaluated  by  Raman  spectra  and 
XRD.  Electric  resistance  including  in-plane  resistivity,  through- 
plane  resistivity  and  ICR  is  also  investigated.  Potentiodynamic 
and  potentiostatic  tests  in  the  simulated  corrosive  circumstance  of 
PEMFCs  are  conducted  to  evaluate  the  corrosion  resistance  of  the 
coated  SS316L  samples.  A  single  cell  with  Cr-C/a-C:Cr  coated 
SS316L  bipolar  plates  is  assembled  and  tested  to  evaluate  the  in-situ 
performance  of  the  film. 

2.  Experimental  details 

2.1.  Sample  preparation 

Instead  of  polished  samples  [18,19],  this  study  adopted 
commercial  SS316L  sheet  with  0.1  mm  in  thickness  as-received 
which  is  the  raw  material  of  stamped  bipolar  plates.  The  samples 
were  cut  into  round  with  a  diameter  of  60  mm  by  wire  Electrical 
Discharge  Machining  (EDM).  Before  coating,  the  round  samples 
were  carefully  cleaned  with  acetone  and  distilled  water  by  ultra¬ 
sonic  cleaning.  The  Cr— C/a-C:Cr  film  was  then  deposited  on  the 
round  samples  using  a  UDP850/4  CFUBMSIP  system.  Two  99.99% 
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chromium  targets  and  two  99.99%  graphite  targets  were  used  as 
sputtering  source  and  high  purity  argon  (99.99%)  was  used  as  the 
sputtering  gases.  To  improve  the  adhesion  strength  between  the 
substrates  and  the  film,  the  substrates  were  firstly  sputtered  by 
plasma  at  a  -700  V  bias  voltage  to  clean  the  substrate  surfaces  and 
obtain  an  active  surface.  The  composition  of  Cr-C/a-C:Cr  film  is 
illustrated  schematically  in  Fig.  1(a)  and  thickness  of  the  Cr-C/a- 
C:Cr  film  was  controlled  by  sputtering  current  as  shown  in 
Fig.  1(b).  The  coating  process  is  mainly  composed  of  the  following 
four  steps: 

(1)  The  two  Cr  targets  were  firstly  started  to  deposit  a  sub-layer 
only  containing  Cr.  The  sputtering  current  was  increased  to 
5  A  linearly  in  1  min  and  then  kept  it  for  4  min  in  stage  (I). 

(2)  As  a  transition  layer,  the  sputtering  current  of  two  chromium 
targets  were  decreased  to  2  A  and  the  sputtering  current  of  two 
graphite  targets  were  increased  to  6  A  gradually  in  10  min  in 
stage  (II). 

(3)  The  sputtering  current  of  the  chromium  targets  and  graphite 
targets  was  kept  at  2  A  and  6  A  for  60  min  respectively  to  form 
a  dense  and  compact  a-C:Cr  film  in  stage  (III). 


◄—  a-C  Layer 

◄—  a-C:Cr  Layer 
◄—Transition  Layer 
◄-Sub-Layer 


◄— SS316L  substrate 


Fig.  1.  Development  of  Cr-C/a-C:Cr  film  by  CFUBMSIP  (a)  schematic  of  film  compo¬ 
sition  (b)  sputtering  current  control  in  the  coating  process. 


(4)  The  chromium  targets  was  closed  slowly  in  linear  mode  in 
15  min,  and  the  sputtering  current  of  two  graphite  targets  were 
kept  at  5  A  for  another  45  min  to  form  a-C  film  in  stage  (IV). 


2.2.  Material  characterization 

The  thickness  of  the  Cr-C/a-C:Cr  film  on  the  SS316L  samples 
was  measured  using  a  crater  machine  (BC-2,  Teer  Coatings,  Ltd.) 
and  calculated  by  the  method  well  documented  in  the  literature 
[19].  Surface  morphology  of  coated  samples  was  studied  by  a  field 
emission  scanning  electron  microscope  (FE-SEM,  FEI  Sirion  200). 
The  Raman  measurements  were  performed  to  analyze  the  struc¬ 
tural  arrangement  of  carbon-based  film  using  a  Senterra  R200-L 
Raman  system  (Bruker  Optics,  Germany).  The  excitation  wave¬ 
length  used  was  514.5  nm  from  an  Ar+  laser  [21].  The  phase 
compositions  of  the  as-prepared  multilayered  Cr-C/a-C:Cr  films 
was  identified  through  X-ray  diffraction  (XRD)  patterns  recorded  by 
a  D/MAX  2550  VB/PC  diffractometer  (Rigaku,  Japan),  using  glancing 
angle  technique  with  an  incidence  angle  of  2°.  Because  hydro- 
phobicity  of  bipolar  plates  can  effectively  influence  the  water 
management  in  a  PEMFCs  stack,  the  contact  angle  of  the  Cr-C/a- 
C:Cr  SS316L  with  water  was  measured  by  OCA20  Optical  Contact 
Angle  Measuring  Device  (Dataphysics,  Germany). 

In-plane  resistivity  was  measured  by  four-point  probe  tech¬ 
nique  with  the  probe  diameter  of  1.0  mm  and  the  contact  pressure 
of  1.2  MPa  [22].  The  ICR  between  Cr-C/a-C:Cr  coated  SS316L 
samples  and  GDL  was  measured  by  method  well  documented  in  the 
literatures  [4,23]  and  experimental  setups  developed  by  our 
previous  work  [24].  Toray  TGP-EI-060  carbon  paper,  which  was  the 
same  as  that  in  MEA  used  in  fuel  cell  performance  evaluation 
experiments  from  Toray  Industries,  Inc.,  was  adopted  as  simulated 
GDL.  Besides,  through-plane  resistivity  of  bare  and  coated  round 
samples  were  also  measured  using  the  same  experimental  setups  at 
a  compaction  pressure  of  1.5  MPa.  Cr-C/a-C:Cr  coated  SS316L 
samples  after  potentiodynamic  testing  in  simulated  anodic  and 
cathodic  environment  were  also  measured  to  investigate  the 
influence  of  corrosion  to  ICR. 

In  order  to  evaluate  the  electrochemical  behavior  of  the  Cr-C/a- 
C:Cr  coated  SS316L  samples,  potentiodynamic  and  potentiostatic 
tests  were  carried  out  on  a  Corr-Test  150  Electrochemical  Worksta¬ 
tion  and  the  electrolyte  composition  was  0.5  M  EI2SO4  solution  with 
5  ppm  HF  at  70  °C  to  simulate  the  aggressive  PEMFCs  environment 
[13].  Since  the  thickness  of  round  samples  was  only  0.1  mm,  a  special 
fixture  was  designed,  as  shown  in  Fig.  2,  to  clamp  the  Cr-C/a-C:Cr 
coated  SS316L  sample  with  an  exposed  surface  of  19.6  cm2  (diam¬ 
eter  of  5  cm).  The  backside  was  well  sealed  by  two  gaskets  and 
connected  to  workstation  as  working  electrode  by  a  copper  wire. 
After  the  potentiostatic  test,  the  solutions  were  carefully  collected 
and  the  concentration  of  metal  ions  Fe,  Cr,  Ni,  Mo  leached  to  solution 
due  to  corrosion  was  analyzed  using  inductively  coupled  plasma- 
mass  spectrometry  (ICP-MS,  7500a,  Agilent  Technologies  Inc.,  USA). 


2.3.  Single  cell  assembly  and  tests 

A  self-developed  single  cell  was  designed  and  fabricated 
in  house.  The  whole  dimension  of  the  bipolar  plate  is 
150  mm  x  100  mm  x  1.2  mm  with  45  serpentine  flow  channels  to 
distribute  reactant  gas  uniformly  on  the  anode  and  cathode.  The 
land  width,  channel  width  and  channel  depth  of  flow  channels  are 
0.6  mm,  0.8  mm  and  0.4  mm,  respectively.  The  SS316L  bipolar 
plates  were  fabricated  by  stamping  process  and  bonded  by  laser 
welding  process.  Afterward,  the  bipolar  plates  were  coated  Cr-C/a- 
C:Cr  film  by  CFUBMSIP  system  using  the  same  parameters  as 
SS316L  round  samples  discussed  above. 
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Lower 
resin  plate  conductor 


Fig.  2.  Schematic  of  clamping  fixture  for  potentiodynamic  and  potentiostatic  tests  of 
Cr-C/a-C:Cr  coated  0.1  mm  thick  SS316L  samples. 


Fig.  3.  Thickness  measurement  results  of  the  Cr-C/a-C:Cr  film  on  SS316L  sample. 


Commercial  MEA  with  Nafion®  212  membrane  in  the  thickness 
of  50  pm  and  platinum  loading  of  0.5  mg  cm-2  for  both  the  anode 
and  cathode  was  adopted.  The  active  electrode  area  is  82.56  cm2 
(9.6  cm  by  8.6  cm).  Aluminum  plates  in  the  thickness  of  15  mm 
were  used  as  the  end  plates  and  brass  plates  in  the  thickness  of 
2  mm  were  applied  as  the  current  collectors.  Cr-C/a-C:Cr  coated 
bipolar  plates,  MEA,  silicon  seals  and  current  collectors  were 
clamped  between  the  two  end  plates  by  eight  M4  screw  joints  with 
an  assembly  torque  of  about  6  Nm  each.  Cell  temperature  was 
maintained  at  60  °C  by  adjusting  the  temperature  of  coolant  water 
going  through  the  centre  of  bipolar  plate.  The  single  cell  perfor¬ 
mance  was  tested  by  measuring  I—V  curves  with  NBT-1000  fuel  cell 
test  system.  The  testing  experiments  were  carried  out  using 
parameters  presented  in  Table  1  under  scanning  current  mode  and 
the  results  were  recorded  after  1  h  of  stable  operation. 

3.  Results  and  discussion 

3.1.  Cr—C/a-C:Cr  film  characterization 

3.1.1.  Phase  analysis 

Fig.  3  shows  the  thickness  measurement  results  of  the  Cr— C/a- 
C:Cr  film  on  SS316L  sample.  It  is  obvious  that  the  total  thickness 
of  the  Cr-C/a-C:Cr  film  is  1.411  pm,  including  a  layer  of  0.605  pm 
and  another  layer  of  0.806  pm.  However,  it  is  hard  to  calculate  the 
exact  thickness  of  sub-layer,  transition  layer,  a-C:Cr  layer  and  a-C 
layer  because  there  is  no  remarkable  boundary  between  each  layer. 

Fig.  4  presents  SEM  images  of  a  surface  micrograph  of  the  Cr— C/ 
a-C:Cr  film  on  SS316L  sample  in  different  magnitude.  The  trans¬ 
versal  striations  in  Fig.  4(a)  are  attributed  to  the  rolling  trace  of  raw 
material  because  the  samples  are  made  of  commercial  SS316L  sheet 


Table  1 

Operating  conditions  for  performance  evaluation  of  single  cell 
with  Cr-C/a-C:Cr  coated  SS316L  bipolar  plates. 


Active  area 

82.56  cm2 

Anode  stoichiometric  ratio 

1.2 

Cathode  stoichiometric  ratio 

2.0 

Anode  pressure 

0.3  MPa 

Cathode  pressure 

0.3  MPa 

Cell  temperature 

60  °C 

Anode  back  pressure 

30  kPa 

Cathode  back  pressure 

50  kPa 

Hydrogen  humidification 

100% 

Oxygen  humidification 

100% 

as-received  without  polishing.  As  shown  in  Fig.  4(b),  no  obvious 
pinhole  is  observed  in  our  range  of  observation  and  the  Cr— C/a- 
C:Cr  film  is  dense,  continuous  and  compact,  indicating  that  the 
Cr-C/a-C:Cr  film  can  block  the  substrate  from  direct  corrosion. 

Raman  spectrum  is  an  effective  tool  to  characterize  the  struc¬ 
tural  arrangement  of  carbon  atoms  in  carbon-based  materials.  The 
Raman  spectra  acquired  from  Cr-C/a-C:Cr  coated  SS316L  sample 


Acc.V  Spot  Maqn  Dot  WD  | - 1  20  pm 

6  00  kV  4  0  2000x  SE  6  0  IAC  of  SJTU  FEI  Sirion  200 

EH 


Acc.V  Spot  Maqn  Dot  WD  | - 1  1  pm 

5  00  kV  4  0  60000x  TLD  6  0  IAC  of  SJTU  FEI  Sirion  200 


Fig.  4.  SEM  images  of  the  surface  micrograph  of  the  Cr-C/a-C:Cr  film  on  SS316L 
sample. 
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are  designated  to  D  and  G  peaks,  which  appear  at  1380  and 
1568  cm-1,  respectively  [21].  The  D  peak  is  corresponding  to 
disordered  band  (originating  from  the  defects  in  the  graphite 
crystal)  and  the  G  peak  is  due  to  the  graphite  band  (originating 
from  the  graphite  lattice).  As  shown  in  Fig.  5,  the  intensity  of  the  D- 
band  is  higher  than  that  of  the  G-band,  indicating  that  the  size  of 
the  disordered  bands  is  larger  than  graphitic  crystallites.  This  is 
typical  characteristic  of  the  amorphous  carbon  film  [18]. 

Fig.  6  shows  the  glancing  angle  XRD  patterns  of  the  Cr-C/a-C:Cr 
coated  SS316L  sample  which  were  collected  at  a  glancing  incidence 
angle  of  2°  to  avoid  the  influences  of  the  substrates  of  SS316L.  In  the 
recorded  XRD  patterns,  the  crystalline  reflections  are  attributed  to 
chromium  crystallites  and  chromium  carbide  (Cr3C2  and  Cr7C3)  in 
the  films,  which  is  in  good  accordance  with  the  results  presented  in 
the  literatures  [21,25].  By  comprehensive  consideration  of  Raman 
spectroscopy  shown  in  Fig.  5,  the  film  prepared  by  CFUBMSIP  is 
composed  of  the  amorphous  carbon,  metallic  Cr  phase,  chromium 
carbide  phases  (Cr3C2  and  Cr7C3). 

3.1.2.  Wettability  characterization 

The  wettability  of  bipolar  plate  is  considered  to  be  a  key 
parameter  which  greatly  influences  the  efficiency  of  water 
management  in  a  running  PEMFCs  stack  especially  at  high  current 
densities  [12].  A  high  contact  angle  implies  a  high  surface  energy 
and  would  be  helpful  for  water  removal  in  the  stack  [26].  Fig.  7 
shows  the  contact  angle  of  the  bare,  a-C  coated  and  Cr-C/a-C:Cr 
coated  SS316L  samples  with  water.  To  achieve  an  accurate  value, 
three  measurements  are  collected  for  each  specimen.  The  average 
contact  angle  value  of  the  bare  and  a-C  coated  SS316L  samples  are 
73.2°  and  78.8°  [20],  respectively,  while  that  of  Cr-C/a-C:Cr  coated 
SS316L  samples  reaches  89.1°.  These  results  demonstrate  that  the 
wettability  characterization  of  SS316L  is  significantly  improved  by 
the  Cr-C/a-C:Cr  film.  More  importantly,  the  contact  angle  of  Cr— C/ 
a-C:Cr  coated  SS316L  samples  approaches  90°  which  is  considered 
to  be  an  ideal  value  to  prevent  accumulated  water  from  flooding  the 
electrode  system  [27]. 

3.1.3.  Electric  resistance 

The  in-plane  and  through-plane  electric  resistivity  of  bare  and 
Cr-C/a-C:Cr  coated  SS316L  samples  were  measured  and  the  results 
are  presented  in  Table  2.  The  in-plane  resistivity  of  Cr— C/a-C:Cr 
coated  SS316L  is  slightly  higher  than  that  of  bare  SS316L.  The 
possible  reason  is  that  the  surface  layer  of  the  carbon  film  contains 


Fig.  5.  Raman  spectra  of  Cr-C/a-C:Cr  coating  on  SS316L  sample. 


Fig.  6.  Glancing  angle  X-ray  diffraction  patterns  of  the  Cr-C/a-C:Cr  coated  SS316L 
sample. 

numerous  disarranged  graphite  structures  and  the  resistivity  of 
graphite  is  higher  than  SS316L  [11].  Besides,  the  through-plane  is 
also  larger  than  bare  SS316L.  This  phenomenon  may  be  attributed 
to  the  fact  that  the  sub-layer,  transition  layer,  a-C:Cr  layer  and  a-C 
layer  are  connected  with  SS316L  substrate  in  series  and  there  is 
an  additive  effect  for  electric  resistivity.  Flowever,  both  the 
in-plane  resistivity  and  through-plane  resistivity  are  much  lower 
than  the  Department  of  Energy’s  (DOE)  2020  technical  target: 
<1.0  x  10“4  Qm  [28]. 

Actually,  ICR  between  bipolar  plate  and  GDL  is  a  major  factor 
affecting  the  cell  performance  than  in-plane  and  through-plane 
resistivity  in  an  operating  PEMFCs  [11].  The  ICR  of  Cr-C/a-C:Cr 
coated  SS316L  samples  with  Toray  TGP-FI-060  carbon  paper  was 
measured  at  various  compaction  pressures  .As  shown  in  Fig.  8,  the 
ICR  decreases  rapidly  at  low  compaction  pressures  and  then 
decreases  gradually  at  high  compaction  pressures.  At  1.5  MPa,  the 
ICR  of  Cr-C/a-C:Cr  coated  SS316L  is  only  2.89  mQ  cm2  which  is 
lower  than  the  DOE’s  2020  technical  target  of  10  mQ  cm2  [28], 
while  the  ICR  of  a-C  coated  SS316L  is  5.4  mQ  cm2  [20].  Fig.  8  also 
compares  the  ICR  before  and  after  potentiostatic  testing  in  simu¬ 
lated  anodic  and  cathodic  environment.  Significant  change  is  not 
observed  between  the  samples  before  and  after  potentiostatic 
testing  and  the  slight  difference  may  be  caused  by  surface  condition 
variance  of  raw  material.  Based  on  these  results,  it  is  concluded  that 
the  ICR  of  Cr-C/a-C:Cr  coated  SS316L  was  not  affected  by  the 
polarization  measurement  in  both  anodic  and  cathodic  environ¬ 
ment  [13]. 


Fig.  7.  Static  water  contact  angle  of  bare,  a-C  coated  and  Cr-C/a-C:Cr  coated  SS316L 
samples. 
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Table  2 

In-plane  and  through-plane  electric  resistivity  of  bare  and  Cr— C/a-C:Cr  coated 
SS316L  samples. 


Bipolar  plates 

In-plane  resistivity 
(f}m) 

Through-plane 
resistivity  (Qm) 

Cr— C/a-C:Cr 

7.85  x  10~7 

1.63  x  10"6 

coated  SS316L 

Bare  SS316L 

7.50  x  10~7 

7.30  x  10  7 

3A.4.  Electrochemical  behavior 

In  order  to  simulate  the  anodic  and  cathodic  PEMFCs  environ¬ 
ments,  the  electrolytes  were  bubbled  with  99.99%  hydrogen  and  air, 
respectively.  Fig.  9  shows  the  potentiodynamic  polarization  curves 
of  a-C  coated  and  Cr-C/a-C:Cr  coated  SS316L  samples  in  the  anodic 
and  cathodic  environments.  Similar  to  a-C  coated  SS316L,  there  is 
no  activation-passivation  turning  point  for  Cr— C/a-C:Cr  coated 
SS316L  in  both  anode  and  cathode  environments.  This  phenom¬ 
enon  implies  that  there  is  no  passive  film  formed  on  the  sample 
surface  and  the  material  gets  corroded  continuously  [4].  As  shown 
in  Fig.  9(a),  the  corrosion  potential  of  Cr-C/a-C:Cr  coated  SS316L  in 
anode  environment  is  about  0.236  V  vs  SCE,  which  is  more  positive 
than  the  operation  potential  in  the  PEMFCs  anode  environment 
(around  -0.1  V  vs  SCE)  and  a-C  coated  SS316L  (around  0.2  V  vs  SCE) 
[20].  This  is  beneficial  to  retard  the  corrosion  in  the  simulated  and 
real  anodic  environment  [18].  Besides,  the  corrosion  potential  in 
the  cathodic  environment,  shown  in  Fig.  9(b),  has  the  similar  trend. 
The  passivation  current  density  of  Cr-C/a-C:Cr  coated  SS316L  in  the 
cathodic  operation  potential  (0.6  V  vs  SCE),  which  is  marked  with 
a  vertical  line  in  Fig.  9(b),  is  0.276  pA  cm-2.  Meanwhile,  the  current 
density  determined  from  the  a-C  coated  SS316L  sample  developed 
in  our  previous  work  is  3.56  pA  cm-2.  Therefore,  the  corrosion 
resistance  of  Cr— C/a-C:Cr  film  is  improved  by  an  order  of  magni¬ 
tude  than  a-C  film  and  meets  the  DOE’s  2020  technical  target  of 
1.0  pA  cm“2  [28]. 

The  solutions  after  10  h  potentiostatic  test  were  carefully 
collected  and  the  concentration  of  metal  ions  dissolved  due  to 
corrosion  was  analyzed  by  ICP-OES.  The  contents  of  Fe,  Cr,  Ni,  Mo, 
which  are  the  major  elements  of  SS316L,  were  recorded  for  bare,  a- 
C  coated  and  Cr-C/a-C:Cr  coated  SS316L  samples  in  simulated 
anode  and  cathode  environments  and  the  results  are  presented  in 
Table  3.  The  total  metal  ion  concentrations  leached  from  the  bare 
SS316L  sample  is  7.957  ppm  after  10  h  potentiostatic  test  in  the 


Fig.  8.  ICR  of  Cr-C/a-C:Cr  coated  SS316L  before  and  after  potentiodynamic  testing  in 
simulated  cathodic  and  anodic  environment. 


(a) 


(b) 


Fig.  9.  Polarization  curves  of  the  a-C  and  Cr-C/a-C:Cr  coated  SS316L  samples  in  0.5  M 
H2S04  solution  with  5  ppm  HF  at  70  °C:  (a)  anode  behavior  purged  with  H2  and  (b) 
cathode  behavior  bubbled  with  air. 

simulated  PEMFCs  cathode  environments  while  this  is  only 
0.4596  ppm  for  Cr-C/a-C:Cr  coated  SS316L.  Compared  to  a-C 
coated  sample,  the  metal  ion  concentrations  of  Cr— C/a-C:Cr  coated 
SS316L  is  smaller  and  this  trend  is  consistent  with  potentiodynamic 
results.  Overall,  the  potentiodynamic  and  ICP  results  unequivocally 
indicate  that  the  Cr-C/a-C:Cr  coating  improves  the  corrosion 
resistance  of  SS316L  greatly. 

3.2.  Fuel  cell  characterization 

Ex-situ  film  characterization  reveals  a  potential  use  of  Cr-C/a- 
C:Cr  coated  SS316L  as  bipolar  plates  undoubtedly.  Based  on  these 


Table  3 

Metal  ions  concentration  leached  from  the  bare,  a-C  coated  and  Cr— C/a-C:Cr  coated 
SS316L  samples  after  10  h  potentiostatic  test  (ppm). 


Sample 

Simulated  PEMFC  cathode  environment 

Fe 

Cr 

Ni 

Mo 

Total 

Bare  SS316L 

5.662 

1.292 

0.836 

0.167 

7.957 

Cr-C/a-C:Cr  coated 
SS316L 

0.4295 

0.0136 

0.0114 

0.0051 

0.4596 

a-C  coated  SS316L 

0.8845 

0.0309 

0.0268 

0.0174 

0.9596 
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Fig.  10.  Initial  performance  of  single  cells  assembled  with  a-C  coated  and  Cr-C/a-C:Cr 
coated  SS316L  bipolar  plates  SS304  bipolar  plates  [20]. 

experimental  results,  a  single  cell  with  Cr-C/a-C:Cr  coated  SS316L 
(FC1)  is  fabricated  and  evaluated  by  polarization  curves  including 
the  l—V  and  I—P  curves.  Fig.  10  characterizes  the  initial  performance 
of  the  single  cell  after  1  h  of  activating  operation.  The  performance 
of  the  single  cell  with  a-C  coated  SS304  (FC2)  from  our  previous 
work  is  also  adopted  for  comparison  [20].  The  open  circuit  voltages 
(OCV)  of  the  FC1  are  almost  the  same  as  FC2,  being  988.3  mV  and 
991.6  mV,  respectively.  Nevertheless,  the  output  performance 
under  high  current  density  shows  significant  difference.  The  peak 
power  density  of  FC1  is  1278.2  mW  cm-2  at  a  current  density  of 

2674.1  mA  cm-2,  while  it  is  1150.6  mW  cm-2  for  FC2  at 

2573.2  mA  cm-2.  Since  the  assembly  and  testing  conditions  are  the 
same,  it  is  obvious  that  11.1%  of  performance  enhancement  is 
achieved  by  the  Cr-C/a-C:Cr  coating  on  SS316L  than  a-C  coating. 
The  trend  that  the  /-V  curve  slope  of  FC1  is  larger  than  FC2  can  be 
explained  by  the  fact  that  Cr-C/a-C:Cr  coating  has  lower  ICR 
between  bipolar  plate  and  GDL,  thus  reduces  the  ohmic  losses  of 
PEMFCs. 

4.  Conclusion 

This  study  develops  a  multilayered  Cr— C/a-C:Cr  coating  on 
SS316L  sheet  as  bipolar  plates  by  CFUBMSIP.  Material  character¬ 
ization  experiments  indicate  that  the  thickness  of  the  film  is  about 
1.4  pm  and  it  is  mainly  composed  of  the  amorphous  carbon, 
metallic  Cr  phase  and  chromium  carbide  phase.  Static  water  contact 
angle  of  the  film  is  89.1°  and  is  beneficial  to  water  management  in 
the  PEMFCs  stack.  ICR  between  the  coated  SS316L  sheets  and 
carbon  paper  is  only  2.89  mQ  cm2  at  1.5  MPa.  The  corrosion 
potential  of  coated  samples  is  0.236  V  vs  SCE  in  anode  environment 
and  the  passivation  current  density  is  0.276  pA  cm”2  at  0.6  V  in 
simulated  cathodic  environment.  Both  the  electrical  conductivity 
and  corrosion  resistance  obtain  performance  improvement  and 
meets  the  DOE’s  2020  technical  targets.  A  single  cell  with  Cr-C/a- 
C:Cr  coated  SS316L  bipolar  plates  acquires  peak  power  density  of 

1278.2  mW  cm”2  at  a  current  density  of  2674.1  mA  cm”2. 
Compared  to  a-C  coating  developed  in  our  previous  work,  the  Cr- 


C/a-C:Cr  coating  achieves  11.1%  of  performance  enhancement  and 
Cr-C/a-C:Cr  coated  SS316L  bipolar  plates  is  more  practically 
applied  for  commercialization  of  PEMFCs  technology.  The  single 
cell  with  Cr-C/a-C:Cr  coated  SS316L  bipolar  plates  is  still  operating 
continuously  in  house  and  the  durability  performance  will  be  re¬ 
ported  in  the  near  future. 
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